Introduction {#S0001}
============

Titanium dioxide nanoparticles (nano-TiO~2~) possess excellent properties, such as a minute size, effective absorption and scattering of ultraviolet (UV) light, biocompatibility, and good osteoconduction, which have led to their increased use in cosmetics, pharmaceuticals, food products, and bone tissue engineering.[@CIT0001]--[@CIT0003] Approximately 60,000 tons of nano-TiO~2~ are produced worldwide each year, and the extensive applications of nano-TiO~2~ have increased the chances of human exposure over recent decades;[@CIT0004],[@CIT0005] therefore, the potential toxic effects of nano-TiO~2~ have received increasing attention.

Nano-TiO~2~ with photoreactivity under UVA irradiation induce significant cell damage, lipid peroxidation, and overexpression of glycans, which leads to phototoxic reactions.[@CIT0006]--[@CIT0008] Nano-TiO~2~ induce normal liver cell apoptosis by triggering the production of a large amount of reactive oxygen species (ROS) under UVA irradiation, resulting in upregulation of the death receptor, Fas, and Bax.[@CIT0001] Despite the plethora of research regarding the phototoxicity of nano-TiO~2~ in vitro and in vivo, the acute toxicity of nano-TiO~2~ and the underlying mechanisms remain a major concern in the assessment of nanotoxicity. In particular, little attention has been paid to changes in the cell cycle and intracellular signaling pathways caused by nano-TiO~2~ under UVA irradiation. Exposure of A549 cells to 100 μg/mL anatase nano-TiO~2~ for 24 h has been shown to induce ROS generation and DNA breaks, resulting in the upregulated expression of p53 and activation of cell cycle arrest in the G2/M phase.[@CIT0009] Cell cycle progression is a complex and accurate process that is blocked in response to various stimuli.[@CIT0010],[@CIT0011] The transforming growth factor-β (TGF-β) signaling pathway is activated by sub-chronic nano-TiO~2~ exposure, which induces inflammation and fibrosis and also plays a pivotal role in cell proliferation, differentiation, and cell cycle regulation.[@CIT0012],[@CIT0013] However, the effect of nano-TiO~2~ under UVA irradiation on cell cycle progression and the involvement of TGF-β in its regulation have been sparsely studied. Therefore, it is imperative to systematically analyze the regulation of cell cycle progression and the underlying molecular mechanism of nano-TiO~2~ under UVA irradiation.

Traditional two-dimensional (2D) cell culture models and in vivo animal models are commonly used to evaluate nanotoxicity; however, 2D models do not accurately predict in vivo toxicity and biological effects due to the simple element and lack of a microenvironment,[@CIT0014],[@CIT0015] and animal models have a complex physiological structure that renders it difficult to elucidate molecular mechanisms. Therefore, it is necessary to develop a novel model for the rapid assessment of nanotoxicity and investigation into the toxic mechanisms of nanoparticles. Three-dimensional (3D) culture models are a promising alternative, since they provide cell−cell and cell−matrix interactions that better mimic the physiological in vivo aspects.[@CIT0015]--[@CIT0017] Human osteoblast-like spheroids treated with nano-TiO~2~ have been shown to augment collagen deposition and pro-inflammatory cytokine and growth factor secretion, although no significant differences in morphology, proliferation, or cell cycle have been observed.[@CIT0016] Nevertheless, the molecular mechanisms underlying the osteoblast spheroid alterations caused by nano-TiO~2~ are not well understood. To date, there are few published studies regarding nano-TiO~2~ under UVA irradiation in 3D spheroid models.

Prior studies by our group have established a highly effective 3D fibrin gel culture model for the generation of tumor spheroids, with which the mechanism of IFN-γ-induced immunologic dormancy was elucidated.[@CIT0018],[@CIT0019] H22 cells are more likely to form larger multicellular tumor spheroids in 3D fibrin gels over time, which can be easily observed in subsequent experiments.[@CIT0018] Moreover, liver cells play an essential role in detoxification and circulating nanoparticle clearance.[@CIT0020] Different concentrations of fibrin gel solution are equivalent to different elastic forces, with 1 mg/mL having been proven to be optimal for tumor cell culture.

In the present study, 1 mg/mL fibrin gels were exploited for the first time to culture H22 tumor spheroids with a view to investigating of the effects of nano-TiO~2~ under UVA irradiation. Analysis of spheroid size, cell senescence, apoptosis, and the cell cycle demonstrated that the ROS generated as a result of the action of nano-TiO~2~ under UVA irradiation caused cell cycle arrest in the G1 phase via activation of the TGF-β signaling pathway, which ultimately led to cell growth inhibition and the formation of smaller tumor spheroids. Our study provides novel insight into the nanotoxicity and underlying mechanisms of nano-TiO~2~ under UVA irradiation, which opens avenues for capitalizing on sophisticated 3D spheroid models in fibrin gel as an emerging tool for drug discovery and toxicity assessment.

Materials and Methods {#S0002}
=====================

Chemicals and Materials {#S0002-S2001}
-----------------------

Titanium dioxide nanoparticles (nano-TiO~2~) were purchased from Degussa AG (Essen, Germany) at ≥ 99% purity in the form of an anatase-rutile mixture. Prior to use as a cell treatment, nano-TiO~2~ were sonicated for 20 min. UVA light was provided by a UV lamp (ZF-5, 365 nm, 8 W, 0.6 mW/cm^2^, Shanghai Huxi Instrument, China).

Fetal bovine serum (FBS), penicillin, streptomycin, and trypsin−EDTA were purchased from Gibco (Invitrogen, USA). RPMI 1640 medium and phosphate-buffered saline (PBS) were purchased from Hyclone (GE Healthcare). 2.7-Dichlorofluorescin diacetate (DCFH-DA), camptothecin and propidium iodide (PI) were purchased from sigma (USA). Fibrin gel and thrombin were purchased from Searun Holdings Company (Freeport, ME, USA). Dispase^®^ II was obtained from Roche. The senescence-associated β-galactosidase (SA-β-gal) activity assay, BCA assay, annexin V-FITC/PI apoptotic detection assay, and cell cycle kits were obtained from Beyotime. TRIzol was purchased from Invitrogen (Carlsbad, USA). The cDNA reverse transcription and real-time quantitative PCR SYBR^®^ Green kits were obtained from TAKARA (Otsu, Japan). PVDF membrane was purchased from Millipore (MA, USA). Rabbit polyclonal anti-Smad3, anti-TGF-β1, anti-Cdkn1a, and anti-Cdkn2b antibodies were purchased from ABclonal (Boston, USA). The mouse monoclonal anti-GAPDH antibody was obtained from Univ (China). The secondary antibody, phenylmethanesulfonylfluoride (PMSF), and RIPA lysis buffer were purchased from Beyotime (China). The ECL Western blotting substrate was obtained from Thermo Fisher Scientific.

Cell Culture {#S0002-S2002}
------------

H22 cells were supplied by the China Center for Type Culture Collection (Wuhan University, Wuhan, China), and were cultured in RPMI 1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C in a humidified atmosphere of 5% CO~2~.

Exposure to Nano-TiO~2~ Under UVA Irradiation and 3D Fibrin Gel Culture {#S0002-S2003}
-----------------------------------------------------------------------

Nano-TiO~2~ was suspended in RPMI 1640 medium, sonicated for 20 min in an ultrasonic bath, and diluted to a concentration of 100 μg/mL. Following cell culture in 12-well plates for 24 h, fresh nano-TiO~2~ suspensions were applied to the cells. After incubation for 4 h, the medium was replaced with PBS prior to UVA radiation at 365 nm. After irradiation for 40 min, fresh medium was added and the cells were incubated for a further 2 h.[@CIT0021]

Approximately 2000 cells in 25 μL RPMI 1640 medium were mixed with 25 μL 2 mg/mL fibrin gel solution and seeded onto pre-cooled 96-well plates containing 1 μL thrombin. The solution was mixed well, and the cell culture plate was placed in a 37°C cell culture incubator for 30 min. Finally, 200 μL RPMI 1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin was added.[@CIT0018] The cells were trapped in the 3D fibrin gel and formed spheroids.

Cell Cycle Progression Analysis {#S0002-S2004}
-------------------------------

Cell cycle progression was analyzed using PI. To harvest the 3D spheroid colonies in the soft fibrin gels, the gels were washed three times with PBS and treated with Dispase^®^ II for 20 min at 37°C.[@CIT0019] The cells were centrifuged at 1500 rpm for 5 min and fixed in cold 70% ethanol for 24 h at 4°C. The following day, the fixed cells were centrifuged at 1500 rpm for 10 min, and the pellet was resuspended in 1 mL PBS, centrifuged, and resuspended in 1 mL PI staining solution and RNase A. After incubation at 37°C for 15−30 min in the dark, the cells were analyzed by FACS (FC500, BD Biosciences, CA) to determine the cell cycle stage.[@CIT0009] A concentration of 10 μg/mL camptothecin was used as a positive control.

Intracellular ROS Measurement {#S0002-S2005}
-----------------------------

Intracellular ROS were measured by DCFH-DA. Cells were incubated with nano-TiO~2~ under UVA irradiation and then seeded in the 3D fibrin gel. Subsequently, cells cultured in 3D fibrin gels were washed three times with PBS and incubated with medium containing 20 μL DCFH-DA at 37°C for 30 min, after which the medium was discarded and 100 μL PBS was added to each well. Qualitative analysis of ROS generation was performed using a microscope with a fluorescence attachment. The fluorescence intensity was quantitated by pixels using the NIH Image J software (Macintosh, USA).

SA-β-Gal Activity Assay {#S0002-S2006}
-----------------------

Senescence was determined by the SA-β-gal assay. Cells were treated with Dispase^®^ II for 20 min at 37ºC, ﬁxed for 15 min at room temperature, and stained overnight at 37ºC under CO~2~-free conditions using a β-galactosidase staining kit. SA-β-gal-positive and -negative cells were imaged by microscopy.

Apoptosis Analysis {#S0002-S2007}
------------------

Annexin V-FITC and PI were used to label apoptotic cells cultured in 3D fibrin gels. Briefly, cells cultured in 3D fibrin gels were rinsed with pre-warmed PBS and treated with Dispase^®^ II for 20 min at 37°C. After centrifugation, cells were collected and incubated with 10 µg/mL PI and annexin V-FITC (pre-diluted in normal culture medium) for 15 min. The cells were detected by flow cytometry.[@CIT0011] Early apoptotic cells were detected by annexin V-FITC, whereas late apoptotic and necrotic cells were identified by PI and annexin V-FITC.

Quantitative Real-Time PCR {#S0002-S2008}
--------------------------

Total RNA was extracted from H22 spheroids in 3D fibrin gels using TRIzol and transcribed to cDNA using a high-capacity cDNA reverse transcription kit.[@CIT0011] Quantitative PCR was performed using SYBR^®^ Green. The primer sequences are given in [Table 1](#T0001){ref-type="table"}. Real-time PCR was performed using the ABI StepOnePlus™ PCR system (Applied Biosystems, MA, USA). The amplification conditions were: 1 cycle of 95°C for 3 min, followed by 40 cycles of 15 s at 95ºC and 30 s at 60°C. Target RNA levels were normalized to the *gapdh* housekeeping gene. All experiments were performed three times and the data were analyzed using the 2^−∆∆CT^ method. Table 1Sequences of the Real-Time PCR PrimersGeneForward Primer (5ʹ-3ʹ)Reverse Primer (5ʹ-3ʹ)*Cdkn1a*CGAGAACGGTGGAACTTTGACCAGGGCTCAGGTAGACCTT*Cdkn2b*CCCTGCCACCCTTACCAGAGCAGATACCTCGCAATGTCAC*TGF-β1*GCTAATGGTGGACCGCAACACTGCTTCCCGAATGTCTGA*Smad3*TCTCCCCGAATCCGATGTCCGCTGGTTCAGCTCGTAGTAGG*Gapdh*AGGTCGGTGTGAACGGATTTGTGTAGACCATGTAGTTGAGGTCA

Western Blotting {#S0002-S2009}
----------------

Cells were harvested, washed with ice-cold PBS, and resuspended in RIPA lysis buffer containing the protease inhibitor, PMSF. Lysates were sonicated, clarified by centrifugation, and quantitated using a BCA assay kit. Lysates were boiled, and 20 μg protein was separated by 12% SDS-PAGE and transferred to PVDF membrane.[@CIT0022] Membranes were blocked with 5% non-fat milk and probed with the indicated primary antibodies overnight at 4°C: anti-GAPDH (0.5 μg/mL), anti-TGF-β1 (1 μg/mL), anti-Cdkn1a (1 μg/mL), anti-Cdkn2b (1 μg/mL), and anti-Smad3 (1 μg/mL). Detection was performed after incubation with HRP-conjugated secondary antibodies. The reaction was developed using Pierce ECL Western blotting substrate. Results were confirmed by at least three independent experiments. The intensity of the chemiluminescent spots was quantitatively estimated using the Quantity One software.

Statistical Analysis {#S0002-S2010}
--------------------

Results of each experiment are expressed as the mean ± standard error of the mean from at least three individual experiments. Data were analyzed using the Student's *t*-test. For all comparisons, differences were considered statistically signiﬁcant at \*\*\* *p* \< 0.001 and \*\* *p* \< 0.005.

Results {#S0003}
=======

Nano-TiO~2~ Under UVA Irradiation Cause Reduced Growth of Multicellular Tumor Spheroids in Fibrin Gels {#S0003-S2001}
------------------------------------------------------------------------------------------------------

The size of nano-TiO~2~ used in the present study was 25 nm, the characterization of which has been described previously.[@CIT0008] The crystalline composition was a mixture of rutile and anatase. From day 3 to 7, the cells were seeded in fibrin gels and imaged to evaluate 3D spheroid formation ([Figure 1A](#F0001){ref-type="fig"}). On day 7, the diameter of 3D spheroids reached approximately 63 μm. There was no difference in the size of the spheroids exposed to UVA irradiation or nano-TiO~2~ alone; however, the size of the spheroids decreased dramatically to approximately 45 μm in the presence of nano-TiO~2~ under UVA irradiation.

The volume of the spheroids increased as the culture time increased, up to approximately 130×10^3^ μm^3^ on day 7. Nano-TiO~2~ under UVA irradiation led to a significantly smaller spheroid volume of approximately 55×10^3^ μm^3^ on day 7 ([Figure 1B](#F0001){ref-type="fig"}). The spheroids were dispersed by treatment with Dispase^®^ II, and the cells were subsequently counted. The cell number was consistent with the data suggesting that the number of cells in the spheroids decreased in the presence of nano-TiO~2~ under UVA irradiation ([Figure 1C](#F0001){ref-type="fig"}). Figure 13D spheroid formation in fibrin gels following nano-TiO~2~ and UVA irradiation treatment. (**A**) H22 cells were treated with 100 μg/mL nano-TiO~2~, UVA irradiation, or nano-TiO~2~ under UVA irradiation, and seeded into fibrin gels. Spheroid growth was recorded from day 3 to 7. (**B**) The volume of the spheroids was calculated. (**C**) The number of cells in each well was counted after 7 days of culture.**Notes:** Data are reported as the mean ± standard error of the mean (n = 6), \*\*\**p* \< 0.001, as compared with the control group. Scale bar indicates 50 μm.**Abbreviation:** UVA, ultraviolet A.

Nano-TiO~2~ Under UVA Irradiation Do Not Impact Cell Apoptosis or Senescence in 3D Spheroids {#S0003-S2002}
--------------------------------------------------------------------------------------------

The size of the 3D spheroids indicates the rate of proliferation of tumor cells; a slower rate of proliferation led to a smaller spheroid size. Apoptosis and senescence can cause a reduction in the proliferation rate; thus, these parameters were evaluated. Cell senescence was assessed by staining for SA-β-gal activity, and no significant differences were observed among the four groups ([Figure 2A](#F0002){ref-type="fig"}). It was demonstrated that the 3D spheroids did not undergo senescence in the 3D fibrin gel culture model. Annexin V-FITC and PI staining were used to detect apoptosis, and the results show that apoptosis was not the cause of the smaller spheroid size in the nano-TiO~2~ under UVA irradiation group ([Figure 2B](#F0002){ref-type="fig"}). Figure 2Cell senescence and apoptosis as shown by the SA-β-gal and annexin V-FITC/PI assays. H22 cells were treated with 100 μg/mL nano-TiO~2~, UVA irradiation, or nano-TiO~2~ under UVA irradiation, and seeded into fibrin gels. (**A**) SA-β-gal staining was conducted to assess cell senescence. (**B**) Annexin V-FITC/PI staining was conducted to assess cell apoptosis.**Notes:** Scale bar indicates 10 μm. The four quadrants represent normal (C3), early apoptotic (C4), late apoptotic or necrotic (C2), and mechanically damaged cells (C1), respectively.**Abbreviations:** UVA, ultraviolet A; SA-β, senescence-associated β-galactosidase; PI, propidium iodide.

Nano-TiO~2~ Under UVA Irradiation Induce Cell Cycle Arrest in the G1 Phase {#S0003-S2003}
--------------------------------------------------------------------------

It was hypothesized that growth arrest of tumor cells in fibrin gels resulting from treatment with nano-TiO~2~ under UVA irradiation may be a crucial determinant of spheroid size; thus, PI staining was used to examine cell cycle progression. There were no significant differences in the cell cycle following exposure to nano-TiO~2~ or UVA irradiation alone as compared with the control group ([Figure 3](#F0003){ref-type="fig"}). Nevertheless, after seven days of culture, a significant change in the cell cycle was observed in the nano-TiO~2~ under UVA irradiation group, with the proportion of cells in the G1/S phase increasing by 1.8-fold as compared with that in the control group ([Figure 3B](#F0003){ref-type="fig"}). These data suggest that nano-TiO~2~ under UVA irradiation induced cell cycle arrest in the G1 phase. Figure 3Cell cycle analysis in 3D spheroids after 7 days of culture. (**A**) Flow cytometry analysis of the cell cycle. PI, a DNA-specific intercalating dye, was used to stain the cells; 10 μg/mL camptothecin was used as a positive control. (**B**) Quantitative analysis of cells in the G1/S phase based on flow cytometry data. The G1/S ratio of the control group was set to 1.**Notes:** Data are reported as the mean ± standard error of the mean (n = 3), \*\*\**p* \< 0.001, as compared with the control group.**Abbreviation:** UVA, ultraviolet A.

Nano-TiO~2~ Under UVA Irradiation Promote Cell Cycle-Related Protein Expression {#S0003-S2004}
-------------------------------------------------------------------------------

The cell cycle is closely related to cyclin-dependent kinases (CDK), which can be activated by cyclins or inhibited by CDK inhibitors.[@CIT0010] Cdkn1a and Cdkn2b, are CDK inhibitor proteins involved in the transition from the G1 to the S phase of the cell cycle.[@CIT0023],[@CIT0024] Smad transcription factors participate in the regulation of the expression of Cdkn1a and Cdkn2b.[@CIT0025],[@CIT0026] The mRNA levels of the specific cell cycle-related genes were examined to investigate the molecular mechanisms underlying cell cycle arrest induced by nano-TiO~2~ under UVA irradiation in the 3D spheroid model. The expression levels of *Cdkn1a, Cdkn2b*, and *Smad3* were significantly upregulated following treatment with nano-TiO~2~ under UVA irradiation. In particular, the mRNA expression levels of *Cdkn1a* and *Cdkn2b* were upregulated by 10-fold ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). In addition, the mRNA expression level of *Smad3* was increased by 7-fold ([Figure 4C](#F0004){ref-type="fig"}). The protein expression levels of Cdkn1a, Cdkn2b, and Smad3 were measured by Western blotting ([Figure 4D](#F0004){ref-type="fig"} and [E](#F0004){ref-type="fig"}), which revealed significant increases in the expression of these proteins in spheroids treated with nano-TiO~2~ under UVA as compared with the control group. The protein expression levels of Cdkn2b and Smad3 were increased slightly following treatment with nano-TiO~2~ or UVA irradiation alone. These data indicate that nano-TiO~2~ under UVA repressed the G1/S phase transition, in part, by upregulating the levels of Cdkn1a and Cdkn2b. Figure 4The expression of specific marker genes, Cdnk1a, Cdkn2b, and Smad3, in cell cycle arrest. The mRNA expression levels of *Cdnk1a* (**A**), *Cdkn2b* (**B**), and *Smad3* (**C**) were measured by real-time PCR. (**D**) The protein expression levels of Cdnk1a, Cdkn2b, and Smad3 were measured by Western blotting. (**E**) Statistics of the relative band intensities in (**D**). GAPDH served as a loading control, and the control group was set to 100.**Notes:** Data are reported as the mean ± standard error of the mean (n = 3), \*\*\**p* \< 0.001, \*\**p* \< 0.005, as compared with the control group.**Abbreviation:** UVA, ultraviolet A.

Nano-TiO~2~ Under UVA Treatment Promote the Expression of TGF-β1 {#S0003-S2005}
----------------------------------------------------------------

Cdkn2b is an important mediator of the antiproliferative effects of TGF-β, and Smad transcription factors are involved in the TGF-β signaling pathway. To verify whether the TGF-β signaling pathway was activated in the nano-TiO~2~ under UVA irradiation group, the mRNA and protein expression levels of TGF-β1 were detected. *TGF-β1* mRNA was increased by 2.5-fold following treatment with nano-TiO~2~ under UVA irradiation ([Figure 5A](#F0005){ref-type="fig"}), and TGF-β1 protein expression was increased by approximately 75% ([Figure 5B](#F0005){ref-type="fig"}). Thus, further investigation was performed to determine whether TGF-β1 induced cell cycle arrest in the G1 phase. Cells were treated with 20 ng/mL TGF-β1 and subjected to flow cytometry analysis. The results show that the total proportion of cells in the G1/S phase increased by 1.5-fold as compared with that of control cells ([Figure 5C](#F0005){ref-type="fig"}). The 3D spheroids of cells treated with 20 ng/mL TGF-β1 were smaller than the spheroids of untreated cells ([Figure 5D](#F0005){ref-type="fig"} and [E](#F0005){ref-type="fig"}). These data suggest that G1/S phase arrest induced by nano-TiO~2~ under UVA irradiation was mediated by the TGF-β signaling pathway. Figure 5Cell cycle arrest in 3D spheroids of cells treated with nano-TiO~2~ under UVA irradiation is regulated by TGF-β. (**A**) The mRNA expression level of *TGF-β1* in the spheroids were measured by real-time PCR. (**B**) The protein expression level of TGF-β1 in the spheroids was measured by Western blotting. GAPDH served as a loading control, and the control group was set to 100. (**C**) Cell cycle alterations following treatment of cells with TGF-β1. The G1/S ratio of the control group was set to 1. (**D**) The effects of TGF-β1 on spheroid size in 3D fibrin gels. (**E**) The volume of the spheroids was calculated.**Notes:** Data are reported as the mean ± standard error of the mean (n = 3), \*\*\**p* \< 0.001, \*\**p* \< 0.005, as compared with the control group. Scale bar indicates 50 μm.**Abbreviations:** UVA, ultraviolet A; TGF-β1, transforming growth factor-β1.

Nano-TiO~2~ Under UVA Irradiation Inhibit Cell Cycle by Inducing the Generation of Intracellular ROS {#S0003-S2006}
----------------------------------------------------------------------------------------------------

Following confirmation that nano-TiO~2~ under UVA irradiation could induce the generation of ROS within cells, ROS generation in 3D spheroids of cells treated with nano-TiO~2~ under UVA was analyzed to investigate its involvement in the induction of G1/S phase arrest. The fluorescence microscopy image demonstrates that the level of intracellular ROS generated in the spheroids changed following different treatments ([Figure 6A](#F0006){ref-type="fig"}). The smaller 3D spheroids, which were formed following exposure to nano-TiO~2~ under UVA irradiation, exhibited a greater level of ROS as compared with the other spheroids. H~2~O~2~ was used as a positive control to stimulate the production of intracellular ROS. H22 cells treated with 100 μM H~2~O~2~ displayed growth arrest in the G1 phase of the cell cycle, indicating that nano-TiO~2~ under UVA irradiation induced the generation of ROS, which slowed proliferation by arresting the cells in the G1 phase ([Figure 6B](#F0006){ref-type="fig"}). Moreover, treatment with vitamin C, an antioxidant, eliminated the ROS production induced by nano-TiO~2~ under UVA irradiation, which decreased the proportion of cells in the G1 phase ([[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=238145.docx)]{.ul}). To investigate the underlying mechanism of cell cycle regulation by ROS, the expression of TGF-β1 was measured after exposure to H~2~O~2~ for 48 h ([Figure 6C](#F0006){ref-type="fig"}). Western blotting shows that the protein expression level of TGF-β1 was increased significantly in the treated group as compared with the controls. Moreover, the protein expression levels of Smad3, Cdkn1a, and Cdkn2b were increased ([[Figure S2](http://www.dovepress.com/get_supplementary_file.php?f=238145.docx)]{.ul}). Taken together, these data indicate that ROS generation induced by nano-TiO~2~ under UVA irradiation arrested the cell cycle in the G1 phase via activation of the TGF-β signaling pathway. Figure 6The generation of ROS in 3D spheroids and the effects on the cell cycle. (**A**) DCFH-DA was used to detect ROS by fluorescence microscopy. (**B**) Cell cycle of H22 cells treated with 100 μM H~2~O~2~ for 48 h. (**C**) The protein expression level of TGF-β1 after H~2~O~2~ treatment. GAPDH served as a loading control, and the control group was set to 100.**Notes:** Data are reported as the mean ± standard error of the mean (n = 3), \*\*\**p* \< 0.001, \*\**p* \< 0.005, as compared with the control group.**Abbreviations:** UVA, ultraviolet A; TGF-β1, transforming growth factor-β1.Figure 7Possible mechanism involved in cell cycle arrest in 3D spheroids induced by nano-TiO~2~ under UVA irradiation.**Abbreviations:** UVA, ultraviolet A; ROS, reactive oxygen species; TGF-β1, transforming growth factor-β1.

Discussion {#S0004}
==========

Nano-TiO~2~, as one of the top five nanoparticles in annual production, is widely applied in industries ranging from healthcare to drug delivery.[@CIT0003],[@CIT0027] The properties of nano-TiO~2~, such as the minute size, photocatalytic activity, and high biological reactivity, have raised concerns regarding toxicity. UVA, from 315 nm to 400 nm, constitutes the major UV irradiation in sunlight, which penetrates the epidermis and basal germinative layers, and is clearly related to human skin cancer.[@CIT0028],[@CIT0029] Moreover, the photocatalytic activity of nano-TiO~2~ under UVA irradiation from sunlight has been shown to cause severe damage,[@CIT0007],[@CIT0030] such as the induction of HaCaT cell apoptosis,[@CIT0031] inhibition of green algal growth,[@CIT0032] bacterial death.[@CIT0033] However, research regarding nano-TiO~2~ under UVA irradiation relies on 2D cell and in vivo animal models, which are not ideal.

In our previous study, a highly effective 3D spheroid culture system was established by culturing cancer cells in fibrin gels.[@CIT0018] Fibrin gels form a 3D matrix that is utilized for injury repair in vivo,[@CIT0034] the delivery of cytokines,[@CIT0035] and as a support for cell growth. Fibrin gel culture systems for the assessment of nanoparticle toxicity remain unexplored; therefore, in the present study, fibrin gels were used to establish a 3D spheroid model for the assessment of nano-TiO~2~ toxicity under UVA irradiation. The same number of cells following different treatments were seeded into fibrin gels and allowed to form 3D spheroids. After seven days of culture, the round morphology of the spheroids was obvious and the diameter of the spheroids reached approximately 63 μm; however, following treatment with nano-TiO~2~ under UVA irradiation, the diameter only reached approximately 45 μm. The differences in the volume of the 3D spheroids are shown in [Figure 1](#F0001){ref-type="fig"}. There was no significant difference in the size of the spheroids treated with nano-TiO~2~ or UVA irradiation alone as compared with the control group. In accordance with our results, no significant differences in spheroid proliferation was seen in osteoblast spheroids cultured in agarose following exposure to nano-TiO~2~.[@CIT0016] The formation of smaller colonies following treatment with nano-TiO~2~ under UVA irradiation suggested a lower proliferation rate as compared with the control, nano-TiO~2~, and UVA groups; therefore, the number of cells in the 3D spheroids was counted, verifying that larger colonies contained more cells due to a higher proliferation rate.

Subsequently, the mechanism by which nano-TiO~2~ under UVA irradiation influenced 3D spheroid size was investigated. Cell senescence and apoptosis can inhibit cell growth and lead to a reduced number of cells; however, the spheroids were shown to not undergo senescence or apoptosis, as assessed by staining for SA-β-gal activity and annexin V/PI. These data suggest that senescence and apoptosis were not key factors in the formation of smaller spheroids following treatment with nano-TiO~2~ under UVA irradiation ([Figure 2](#F0002){ref-type="fig"}). Further, cell cycle analysis revealed that the proportion of cells in the G1/S phase increased significantly following treatment with nano-TiO~2~ under UVA irradiation as compared with that in the control group ([Figure 3](#F0003){ref-type="fig"}). These data suggest that the reduction in cell proliferation during spheroid formation was likely caused by cell cycle arrest.

Since the cell cycle is closely associated with cell proliferation and cytotoxicity, clarifying the mechanism by which nano-TiO~2~ under UVA irradiation regulate the cell cycle is of great importance.[@CIT0036] Cdkn1a and cdkn2b are key cell cycle regulators in G1/S transition, which inhibit the activity of CDK2 or CDK4, respectively, to regulate cell cycle progression from the G1 phase;[@CIT0024],[@CIT0026] therefore, changes in the expression levels of Cdkn1a and Cdkn2b were evaluated in the present study. At the mRNA level, upregulation of *Cdkn1a* and *Cdkn2b* in spheroids of cells treated with nano-TiO~2~ under UVA irradiation is in accordance with observations regarding the cell cycle ([Figure 4](#F0004){ref-type="fig"}). Western blotting further confirmed that the protein expression levels of Cdkn1a and Cdn2b were increased in cells arrested in the G1 phase following treatment with nano-TiO~2~ under UVA irradiation.

It has been previously reported that Cdkn2b is a pivotal mediator in the TGF-β/Smad signaling pathway during the regulation of cell cycle progression;[@CIT0010] therefore, it is reasonable to hypothesize that TGF-β/Smad signaling may be involved in G1 arrest induced by nano-TiO~2~ under UVA irradiation. Smad3, in cooperation with additional cofactors, has been shown to induce upregulated expression of Cdkn1a and Cdkn2b, causing cell cycle arrest in G1.[@CIT0025],[@CIT0037] Here, it is shown that the expression levels of TGF-β1 and its downstream effector, Smad3, were increased significantly following treatment with nano-TiO~2~ under UVA irradiation, while no significant changes were observed in the nano-TiO~2~ or UVA groups ([Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}). These data are consistent with a previous report demonstrating that nanoparticle exposure markedly increases TGF-β1 in both in vivo and in vitro experiments.[@CIT0038] An increased proportion of cells in G1/S was observed following treatment with 20 μg/mL TGF-β1 in the present study. Similar observations that TGF-β1 causes cell growth arrest in the G1 phase by means of regulating the expression levels of Smad3, p-Smad3, Cdkn1a, Cdkn2b, P16, and P18 have been previously reported.[@CIT0039],[@CIT0040] The mechanism underlying the formation of smaller 3D spheroids following treatment with nano-TiO~2~ under UVA irradiation is likely related to the activation of the TGF-β/Smad signaling pathway, leading to an increase in the expression levels of Cdkn1a and Cdkn2b and subsequent arrest of the cell cycle in the G1 phase, which inhibits cell growth in 3D fibrin gel model.

The involvement of ROS in cell cycle arrest has been previously reported. The oxygen-rich environment created by ROS generation results in G1 cell cycle arrest, and glutathione (a ROS inhibitor) attenuates this effect.[@CIT0013],[@CIT0041] In the present study, it was observed that nano-TiO~2~ under UVA irradiation enhanced the levels of ROS ([Figure 6A](#F0006){ref-type="fig"}). To further confirm whether ROS was related to cell cycle arrest in the G1 phase, H~2~O~2~ was employed as a positive control. A significant increase in the percentage of cells in the G1/S phase was found following treatment with 100 μM H~2~O~2~ as compared with that in the control group. Moreover, vitamin C alleviated the cell cycle arrest caused by treatment with nano-TiO~2~ under UVA irradiation ([[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=238145.docx)]{.ul}). These results indicate that nano-TiO~2~ under UVA irradiation induced H22 cell cycle arrest in the G1 phase, resulting in the formation of smaller spheroids via the induction of ROS generation.

TGF-β/Smad signaling is ROS-sensitive and can be blocked by the ROS-inhibiting enzyme, superoxide dismutase (SOD);[@CIT0042],[@CIT0043] thus, to identify whether ROS production caused TGF-β/Smad signaling activation, the expression levels of TGFβ-1, Smad2, Cdkn1a, and Cdkn2b were evaluated. It was shown that the expression levels of these proteins were increased significantly following H~2~O~2~ treatment as compared with those in the control group ([Figure 6](#F0006){ref-type="fig"} and [[S2](http://www.dovepress.com/get_supplementary_file.php?f=238145.docx)]{.ul}). Treatment with nano-TiO~2~ under UVA irradiation likely induced cell cycle arrest due to the presence of increased levels of ROS, which in turn activated TGF-β/Smad signaling. After a long culture period in 3D fibrin gels, there was a visible difference in spheroid size ([Figure 7](#F0007){ref-type="fig"}).

In summary, the present study shows that nano-TiO~2~ under UVA irradiation inhibited cell cycle progression from the G1 phase by stimulating the generation of ROS, thus activating the TGFβ/Smad signaling pathway and upregulating the expression of Cdkn1a and Cdkn2b in a 3D spheroid model. Intriguingly, from a different perspective, a dual effect of nano-TiO~2~ under UVA irradiation was analyzed based on the results in 3D spheroids composed of H22 tumor cells. On one hand, the TGF-β/Smad signaling pathway was activated by treatment with nano-TiO~2~ under UVA irradiation, causing growth inhibition as a side effect; on the other hand, nano-TiO~2~ could be a potential candidate for a controlled anti-tumor agent with a UVA switch.

Conclusions {#S0005}
===========

In the present study, the effect of nano-TiO~2~ under UVA irradiation in a 3D fibrin gel spheroid model was described for the first time, in addition to its application in the assessment of nanotoxicity. Spheroid size, senescence, apoptosis, and signaling pathways were explored in the 3D model. After seven days of culture, spheroids of cells treated with nano-TiO~2~ under UVA irradiation were smaller than those in the control group, which was attributed to cell cycle arrest in the G1 phase instead of apoptosis or senescence. The generation of ROS induced by nano-TiO~2~ under UVA irradiation in 3D spheroids contributed to cell cycle arrest during spheroid formation. With respect to the underlying mechanism, the TGF-β/Smad signaling pathway was involved in the regulation of cell cycle progression by stimulating the expression of Cdkn1a and Cdkn2b, which was mediated by ROS generation. Together, these effects may explain the toxicity of nano-TiO~2~ under UVA irradiation. The present study attempted to apply 3D fibrin gel culture techniques to toxicity evaluation with a view to facilitating a more comprehensive understanding of the toxicity of nanoparticles.
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